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INTRODUCTION
Sesame (Sesamum indicum L.) is a major oil seed crop characterized 
with a maximum of 59.8% oil content and the oil is known to be 
resistant to oxidation and rancidity [1]. It is one of the first oil seeds 
recognized by humankind and more than 80% of the total fatty acids 
in the sesame oil is composed of oleic (C18:1) and linoleic (LA) 
(C18:2) acids and trace amounts of linolenic acid (LNA) (C18:3) [2]. 
High levels of mono unsaturated (UFA) and polyunsaturated fatty 
acids (PUFAs) increase the quality of oil and has positive effects 
in reducing blood cholesterol, high blood pressure and thus, play 
an important role in preventing atherosclerosis, heart diseases and 
cancers [3]. Sesame oil contains sesamin and sesamolin lignans in 
its non-glycerol fraction which are known to play an important role 
in the oxidative stability and antioxidant activity [4].
A series of fatty acid desaturases perform the desaturation 
reaction of dienoic acids to trienoic acids. Besides, desaturases 
play vital role in plant development, seed oil accumulation 
and stress tolerance such as temperature [5], light [6] 
pathogen attack, wounding and in hormone regulation [7,8]. 
Lipid composition and degree of fatty acid desaturation 
affect the membrane structure and fluidity. Several reports 
indicate the effect of environmental stress over the lipid 
composition [9].Omega 3 fatty acid desaturases are enzymes 
responsible for formation of trienoic fatty acids. There are three 
distinct membrane bound omega 3 desaturases, FAD3 located in 
endoplasmic reticulum, FAD7 and FAD8 located in chloroplast. 
Trienoic fatty acid is the precursor of octadecanoid pathway 
which ends in jasmonic acid (JA) synthesis [10].
Jasmonic acid alters physiological and developmental processes, 
such as plant growth and development, senescence, fruit 
ripening and also acts as a signal molecule in plant defense 
system responding to various biotic and abiotic stresses [11]. 
JA concentration in plant tissues depends on environmental 
stimuli, plant developmental stage and physiological 
conditions [11]. Octadecanoid pathway is initiated by linoleate: 
oxygen 13-oxidoreductase (LOX) (EC 1.13.11.12) (Figure 1) by 
its dioxygenase activity on LNA to produce hydroperoxy LNA 
which is followed by the action of allene oxide synthase and 
allene oxide cyclase [10].There are evidences to show that low 
temperature increases the jasmonic acid content in spinach which 
further increased the levels of cytosolic ca2+ and abscisic acid [12]. 
Cold-induced accumulation of jasmonic acid prevents lipid 
peroxidation and increases cold resistance in apples[13]. Lipid 
peroxidation is a mechanism of cellular injury in plants. Hence, 
malondialdehyde the end product of lipid peroxidation was used 
to determine the oxidative stress in tissues of pea plants [14]. 
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abiotic stress. ABA accumulation helps to maintain the water 
balance and cellular dehydration in plants [15]. An antagonistic 
interaction was observed between jasmonic and abscisic acid 
signalling pathways in cold and drought stresses. Omega 3 
desaturase genes are known to be induced by a wide array of 
stresses such as cold ,drought, heat, salinity, disease etc which 
activates the octadecanoid pathway for significant accumulation 
of jasmonic acid[16,17].Based on this hypothesis the expression 
of omega 3 fatty acid desaturases, quantification of jasmonic and 
abscisic acid, determination of lipoxygenase and malondialdehyde 
assays and fatty acid content under abiotic stresses were assessed 
to understand LNA accumulation in sesame.
MATERIALS AND METHODS
Plant Material
Sesame seed Variety TMV 7 was obtained from the Oil seeds 
Research Station (ORS), Tindivanam of Tamilnadu Agricultural 
University, Tamil Nadu, India. The seeds were surface sterilized 
and placed in petriplates containing half MS (Murashige and 
Skoog) basal medium for growth and maintained at 25±2°C 
with 16 h cool-white fluorescent lights and 8h darkness. One 
month old seedlings were subjected to various abiotic stresses 
such as cold, drought, salinity and heat. Cold treatment was 
given by exposing the petriplates containing seedlings at 4°C for 
5h [18]. For salinity and drought stress treatment, the seedlings 
from plate were uprooted and kept in 200mM NaCl solution 
and in 20% PEG 6000 for 5h respectively [19]. For heat stress, 
the seedlings were removed from plate and exposed to 39⁰C 
for 5h [9].Unstressed sesame seedlings were used as control. 
Quantitative RT-PCR Analysis 
Omega 3 desaturase genes from draft genome sequence of 
Sesamum indicum were retrieved by performing comparative 
analysis. Microsomal fatty acid desaturase (FAD3), chloroplast 
fatty acid desaturases (FAD7 and FAD8) were identified. Gene 
specific primers were designed for analysis of mRNA levels 
of the above mentioned genes and ubiquitin gene was used 
as housekeeping gene. Isolation of Total RNA from various 
stressed sesame seedlings using RNAeasy plant mini kit (Qiagen, 
Netherlands). First strand cDNA synthesis was performed using 
Revert Aid First Strand cDNA synthesis kit (Thermo Scientific, 
USA). Primers used in this study are listed in Table 1. SYBR 
Premix Ex Taq II (Tli RNaseH Plus) (Takara, japan) and CFX96 
Real-Time PCR detection system (Bio-Rad, USA) was used for 
detecting omega 3 desaturase genes. The amplification condition 
used was: 95°C for 30 sec and 40 cycles of 95°C for 5 sec and 60°C 
for 30 sec followed by 95°C for 15 sec, 60°C for 1 min, 95°C for 15 
sec(melt curve).All reactions were performed for three replicates. 
The relative gene expression was calculated using 2-∆∆Ct method. 
LNA Quantification
One gram of treated seedlings and control powdered using liquid 
nitrogen were taken for lipid extraction. Lipids were extracted 
with Chloroform: methanol (2:1) as previously described by [20]. 
50mg of lipids were taken in Teflon-lined screw capped glass tube 
add 1ml of freshly prepared 2.5% H2SO4 in methanol. They were 
incubated at 80°C for 2 hours followed by the addition of 500µl of 
hexane and 1.5ml of 0.9% NaCl to extract fatty acid methyl esters 
(FAME).The contents were mixed thoroughly and centrifuged 
at 1000rpm for 3 mins to facilitate phase separation. The upper 
phase was transferred to new tube and concentrated with nitrogen 
stream and dissolved in 100µl of hexane [21].
Gas Chromatography Analysis
FAME were analysed on Systronics Gas Chromatography 
instrument equipped with capillary column of 30m x 0.3mm 
internal diameter and Flame ionization detector. The oven 
was programmed to hold the temperature at 100° C and 
increased up to 200°C/5min. Nitrogen was used as a carrier gas. 
The Flame ionization detector and injector temperature was 
maintained at 260°C. The peak was identified by comparison 
with the retention time of a commercial standard mixture of 
FAME (Supelco 37-component FAME mix Sigma, USA). Lipid 
analysis was performed independently for three times. Values 
were reported as average and standard deviation (n=3).
Quantification of Lipoxygenase Activity 
Powdered plant samples were homogenised in 3 volumes of 
0.05molL-1 sodium phosphate buffer pH 6.5 according to [22]. 
The supernatant collected after centrifugation at 5000 rpm for 30 
mins at 4°C was filtered using 0.22 µm filter (Pall Life Sciences). 
Protein was estimated with BSA as standards using bicinchoninic 
acid assay [23]. Lipoxygenase activity was assayed as per the 
method of Pinto et al., 2007. Known amounts of samples were 
Table 1: List of primers used in quantitative real time PCR 
analysis
S.NO. PRIMER SEQUENCE ACCESSION NO.
1 UBQ F 5’CACCAAGCCGAAGAA 
GATCAAG 3’
JP631638
2 UBQ R 5’CCTCAGCCTCTGCACCTTTC 3’
3 FAD7 F 5’GGCGGAGAAGAATTTGACCC3’ U25817.1
4 FAD7 R 5’ACAAAGGCCAAACAACCCAA3’
5 FAD8 F 5’TGTTCTGGGCTCTCTTCGTT3’ XM_011078407.1
6 FAD8 R 5’AAGGGTGCCAGGATTCATCA3’
7 FAD3 F 5’CCGCCATTCCTCCTTCCTAA3’ XM_011082487.1
8 FAD3 R 5’GATCCTTCACCCAGCAATGC3’
Figure 1: Schematic diagram showing the key components of the 
octadecanoid pathway. Key components of octadecanoid pathway 
involved in abiotic stresses. Omega 3 fatty acid desaturases, α-linolenic 
acid(LNA), lipoxygenase(LOX), malondialdehyde(MDA) , jasmonic acid 
(JA), absciasic acid(ABA)
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incubated with the freshly prepared assay solution at 60°C for 
15mins. The test solutions were then cooled to room temperature 
and absorbance were measured at 562nm. LOX activity in the 
plant extracts was measured with LA as substrate. Optimum 
pH was determined by using a buffer system with the pH range 
of 1.5-10 at a final concentration of 0.05molL-1. The increase 
in absorbance due to hydroperoxide formation at 234 nm was 
measured for the samples in triplicates and the rate of reaction 
was measured using extinction coefficient 25 mM-1 cm-1 [24].
Quantification of MDA
Malondialdehyde was measured under various abiotic stresses. 
The extraction procedure was carried as per [25].The optical 
density of the extract was measured by subtracting the non-
specific absorbance at 600 nm from the absorbance at 532 nm 
and using an extinction coefficient of 155 mM-1 cm-1 [26].
Quantification of JA
 Jasmonic acid was extracted using the protocol followed by [27]. 
The final extract was filtered with a 0.22 µm filter and stored at 
4°C. Quantification of JA was performed using Agilent HPLC 
system with C18 reverse phase column. Standard JA (Himedia, 
Mumbai) was used to optimize the conditions. Accordingly, 
detection wavelength of 195nm, temperature of 35°C and 
mobile phase of acetonitrile/water (70/30, v/v) with a flow rate 
of 0.75 ml/min were used to quantify the samples.
Quantification of ABA
Abscisic acid was extracted using the modified protocol of [28]. 
A rotary flash evaporator was used and then the final residue 
obtained after evaporation was redissolved in 1ml of acetonitrile 
and stored at 4°C. ABA (Duchefa) was diluted and standard 
concentrations were used to standardise the HPLC conditions in 
C18 column. The optimised conditions of 254nm wavelength and 
mobile phase of acetonitrile/acetic acid/water (60/0.04/39.96, v/v/v) 
with a flow rate of 1 ml/min was used to quantify the samples.
Statistical Analysis
Statistical analysis was performed using one way ANOVA and 
Dunnett Multiple Comparisons Test using Graph Pad InStat3 
software. Error bars representing the standard deviation values 
were obtained from the triplicates (n=3). All the experiments 
were replicated three times both the stress experiments and 
measurements of various components. 
RESULTS
Quantification of Key Components of Octadecanoid 
Pathway Under Various Abiotic Stresses in Sesame
Expression of omega 3 desaturase genes at RNA level
The amount of mRNA corresponding to omega3 desaturase genes 
FAD3, FAD7 and FAD8 present in cold, drought, heat, salt stressed 
and control sesame seedlings were quantified by real time PCR. 
The results were shown in Figure 2. Except cold other stresses 
exhibited lower levels of expression in FAD3 and FAD8 compared 
to control seedlings. The level of FAD7 and FAD8 chloroplast 
desaturase genes were found to be 9-fold and 3-fold higher than 
control during cold stress. In drought stressed seedlings the levels 
of expression of all three desaturases were found to be equivalent 
or lesser than control. FAD7 expression was found to be higher 
than other desaturases in heat and salinity. Expression of FAD7 was 
found to be higher in all four stresses among the three desaturases.
Omega 3 fatty acid content
In order to correlate the desaturase activity with omega 3 fatty 
acid content in the stressed seedlings and control the LNA 
content were measured using GC.α- linolenic acid content was 
found to be higher in cold, drought and heat stresses (Figure 3) 
whereas it was lower under salt stress in comparison with control. 
Cold exhibited the maximum level of LNA (1.2 mole %) followed 
by heat (0.9 mole %) and drought (0.7 mole %) respectively.
Figure 2: Quantitative RT-PCR analysis of ω3 desaturases of sesame. 
Expression levels of Omega 3 fatty acid desaturase genes in Sesamum 
indicum by Quantitative RT-PCR analysis.Normalization of gene 
expression against the housekeeping gene Ubiquitin. Data were 
obtained from three replicates (mean ± SD)
Figure 3: Omega 3 fatty acid analysis. Stress induced changes in C18:3 
(omega3) content in sesame seedlings. Difference in the proportion of 
C18:3 content during stress treatments when compared to untreated 
control.Data obtained from three replicates (mean±SD). () denotes 
P<0.05 difference in proportion changes of C18:3 is significant when 
compared to untreated controls and () denotes P>0.05
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Lipoxygenase activity
Lipoxygenase is the first enzyme that utilizes LNA in the 
octadecanoid pathway. LOX activity in all four abiotic stressed 
seedlings is given in Figure 4. Heat stress exhibited significantly 
higher (71.57nM) amount of lipoxygenase activity compared 
with other stresses and control.LOX activity was found to be 
lesser in cold and drought stresses than control.
Lipid peroxidation
Malondialdehyde generated by lipid peroxidation is a measure 
of membrane damage. The malondialdehyde content was found 
to be higher in all stresses than control (Figure 5).The highest 
level of MDA was observed in heat stress (427.9nmol/gFW). 
Among all stresses cold stress exhibited least (176.6 nmol/gFW) 
MDA content.
Jasmonic acid content
Jasmonic acid is an important plant hormone involved in 
abiotic stress tolerance. It is also a key signalling molecule 
and end product of octadecanoid pathway. Jasmonic acid 
content was quantified to analyse its role in sesame seedlings 
subjected to various abiotic stresses. Jasmonic acid content 
was found to be higher than control in all stresses except heat 
stress (Figure 6). Salinity exhibited the maximum level of 
jasmonic acid accumulation (2.12µg/gFW) followed by drought 
(1.10 µg/gFW) and cold (1.07 µg/gFW).
Abscisic acid content
Abscisic acid is an octadecanoid pathway independent plant 
hormone that influences abiotic stress tolerance. The levels 
of ABA were measured to determine its role with reference to 
jasmonic acid in abiotic stressed sesame seedlings. Abscisic 
acid levels were higher than control in all stresses except 
salinity equivalent to control (Figure 7). Drought stress showed 
maximum ABA levels (7.44µg/gFW) followed by heat (6.3µg/
gFW) and cold (6.05 µg/gFW) also showed increased ABA 
levels. Control (5 µg/gFW) and salinity (4.84µg/gFW) exhibited 
almost equivalent levels of ABA.
DISCUSSION
Fatty Acid Desaturation Affects Membrane Fluidity
Lipid peroxidation is a measure of membrane damage which 
generates malondialdehyde in octadecanoid pathway using 
Figure 4: Estimation of LOX activity in sesame seedlings. Effect of 
LOX activity on abiotic stresses of sesame. Each value represents the 
mean of three independent measurements ± SD. () sign indicates 
significant  P<0.05 and () P>0.05
Figure 5: Estimation of MDA content in sesame seedlings. 
Determination of MDA content in different abiotic stressed sesame 
seedlings compared to unstressed seedlings () denotes P<0.05 
() denotes P<0.01. Error bars represented ± by means of standard 
deviation
Figure 6: Determination of Jasmonic acid in sesame. Quantification 
of jasmonic acid levels in abiotic stresses of sesame. () denotes 
P<0.01 and () denotes P>0.05.Error bars represented ± by means 
of standard deviation
Figure 7: Determination of ABA content in sesame seedlings. 
Quantification of abscisic acid content signaling molecule under various 
abiotic stresses of sesame. () denotes P<0.01 significantly higher 
when compared to unstressed controls. Data obtained from three 
independent replicates (mean± SD)
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LNA (Figure 1). In this study, MDA content of sesame 
seedlings subjected to various abiotic stresses were measured 
(Figure 5).Though all abiotic stresses showed higher MDA 
than control cold exhibited the lowest level indicating least 
damage. This suggests a key role of octadecanoid pathway in 
cold acclimation. Hence, desaturase mRNA levels and LNA 
accumulation (Figure 2 and 3) is expected to be higher in cold 
condition. The results of the present study clearly correlate to 
this hypothesis in sesame. In soybean GmFAD3A, GmFAD3B 
and GmFAD3C mRNA levels and omega 3 (18:3) content 
were found to be higher in cool (20°C) than warm (30°C) 
growing conditions [29].Short term transient responses of cold 
stress in olive leaves were found to increase the expression of 
fatty acid desaturases [30]. In the present study among the 
three desaturases analyzed FAD7 and FAD8 are present in 
chloroplast whereas FAD3 is a microsomal desaturase. Among 
them, the expression of microsomal FAD3 was found to be the 
least in all four stresses and they were found to be lesser than 
control seedlings. This implies the role of FAD3 in abiotic 
stress tolerance is minimal. In Arabidopsis, higher chloroplast 
fatty acid desaturase mRNA levels (FAD7 and FAD8) and LNA 
content were correlated to chilling treatment (4°C) and was also 
confirmed by generating octadecanoid pathway mutants and wild 
type plants [31]. Both chloroplast FAD7 and microsomal FAD3 
in tomato also exhibited higher mRNA levels in cold stress [32]. 
In this investigation, the cold stress for sesame seedlings were 
also given at 4°C and the mRNA levels of FAD7 and FAD8 were 
found to be higher than the other stresses. Similarly, LNA content 
was also found to be higher in cold stressed seedlings. The above 
observations suggest an important role of chloroplast fatty acid 
desaturases in adaptation to cold in sesame.
In plants, hydro peroxides of LNA is utilised by both LOX and 
MDA which influences the membrane integrity. LOX activity 
and MDA content were found to be maximal at heat stress 
(Figures 4 and 5) whereas cold, drought and salt exhibited 
similar pattern of activity and content. Higher LOX activity and 
MDA content might lead to temperature associated oxidative 
damage in membranes. In our study the LOX activity and MDA 
content is found to be minimal in cold stressed seedlings when 
compared to control and other stresses (Figure 4 and 5). This 
observation suggests that among the four abiotic stresses cold 
stress is least influenced by the lipid peroxidation. The lower 
lipoxygenase activity shows lesser membrane damage or better 
acclimation. Hence, fatty acid desaturation is expected to be 
higher in cold condition. Accordingly, higher accumulation of 
LNA was found in cold stressed seedlings (Figure 3). Similarly, 
in wheat decline in MDA levels with higher cold-acclimation 
with increasing levels of LNA (18:3) were observed in Norstar 
and Gerdish cultivars [33].
Role of Jasmonic Acid and Abscisic Acid in Abiotic 
Stresses
Jasmonic acid is the end product of octadecanoid pathway and 
influences various physiological processes such as vegetative 
growth and development, cell cycle regulation, fruit ripening 
and senescence [34,35]. Besides, jasmonic acid also play 
prominent role in coordinating defence induced responses 
leading to increased stress tolerance in plants [36]. Jasmonic 
acid and abscisic acid content were found to be significantly 
higher in salinity, drought and cold stressed sesame seedlings 
(Figure 6 and 7).The above observation suggests a similar role 
of these signalling molecules in these abiotic stresses. There 
are contradicting reports on the role of jasmonic acid and 
salt tolerance [37]. It is also suggested not just the level of JA 
decides the kind of response to salinity but their timing and 
control is more important [38]. Involvement of both these 
signalling molecules in abiotic stresses was well documented 
by huge number of supporting reports and reviewed by [39]. 
However, the exact mechanism of their roles in abiotic stress 
tolerance is not understood completely. Differences in results 
and conclusion drawn could be due to variations in experimental 
conditions, developmental stages, tissues and degree of stress 
imposed [40]. In this study, salinity stress exhibited maximum 
amount of jasmonic acid whereas drought exhibited maximum 
abscisic acid content. Jasmonic acid content was found to be 
minimal, even lesser than control in heat stressed seedlings 
whereas in cold it was moderately higher (Figure 6). In 
tobacco, during elevated temperature, the amount of trienoic 
acid is found to be lower and end product jasmonic acid of 
octadecanoid pathway is observed to be higher [41]. Contrarily 
in sesame, we observed the lowest amount of JA in heat stress 
whereas LNA content was higher than control. The possible 
reasons could be either the amount of heat stress given may 
not be equivalent (39°C Vs 30°C) or the tissues in which LNA 
were quantified (seedling Vs seed) are different.
Abscisic acid is another fast responding signalling molecule 
which triggers JA in abiotic stress [42]. Drought stress recorded 
maximum level of ABA accumulation (Figure 7) suggesting a key 
role of these signalling molecule. Similarly in rice and soybean 
higher abscisic acid levels were observed when plants were 
exposed to water deficit conditions [28, 43].In this study, JA and 
ABA levels were found to be synergistically higher in cold and 
drought stresses. Among the abiotic stresses cold stress seems 
to be influenced by the octadecanoid pathway whereas abscisic 
acid could play a role in the other stresses in sesame. An ABA 
induced transient drought experiment in Arabidopsis has shown 
decrease in JA [44]. JA and ABA levels could be modulated by 
intracellular calcium levels, accumulation of phospholipases, 
osmolytes and antioxidants was reported by [45]. Hence there 
is a possibility of such modulation in sesame also.
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